By exploiting the broad region of anomalous groupvelocity dispersion (GVD) and the large effective nonlinearity of photonic nanowires, we demonstrate soliton-effect self-compression of 70-fs pulses down to 6.8 fs. Under suitable conditions, simulations predict that self-compression down to single-cycle duration is possible.
Introduction
The generation of few-optical-cycle laser pulses has enabled investigations of a new regime of ultrafast optical interactions. Specifically, for few-cycle pulses the relative position of the peak of the electric field and the peak of the electric field envelope, a parameter known as the carrier-envelope offset, becomes important in determining interactions with matter [1, 2] . For example, attosecond-pulse generation, high-harmonic generation, photo-ionization, and multiphoton absorption are sensitive to this parameter [3] [4] [5] [6] . Few-cycle pulses can be generated directly from laser oscillators using specifically designed dispersion compensation optics [7] [8] [9] . In addition, ultrafast pulses have been compressed to this regime by using a combination of self-phase-modulation-induced spectral broadening and post compression with passive and active components [10] [11] [12] [13] [14] [15] [16] . With these techniques, the ability to access the few-cycle regime has required either specially designed laser oscillators, amplified pulses with μJ-pulse energies, or spectral broadening with sophisticated post-compression schemes.
In this paper, we present a simple method to compress sub-nJ optical pulses with initial pulse widths as long as 100 fs down to few-cycle durations with no post compression. Specifically, we demonstrate theoretically and experimentally generation of few-cycle optical pulses using soliton-effect self-compression of octave-spanning supercontinuum generated in photonic nanowires. The simplicity of this technique should allow for broader access to the few-optical-cycle regime and to the investigation of the unique properties of light-matter interactions with such pulses.
Soliton-effect compression
The combined action of anomalous group-velocity dispersion (GVD) and self phase modulation leads to the well known phenomenom of soliton-effect compression [17] . This phenomenom corresponds to the excitation of a higher-order soliton which undergoes cyclical temporal compression and spectral broadening followed by temporal spreading and spectral narrowing. By extracting from the appropriate cycle of this breathing mode, a temporally compressed pulse is generated. The optimal length z opt at which to extract the compressed pulse can be predicted using the following empirical formula [17] :
where N is the soliton order defined as
is the nonlinear length, T in is the duration of the input pulse, β 2 is the group velocity dispersion at the center wavelength, γ is the effective nonlinearity, and P 0 is the peak power of the input pulse. The efficiency of compression is characterized by the compression factor F c and by the quality factor Q c defined as [17]
where T comp is the duration of the compressed pulse, and P comp is the peak power of the compressed pulse normalized to the input pulse. For efficient soliton-effect compression it is desirable to have small or slightly positive third-order dispersion, broad anomalous-GVD, and high nonlinearity [17].
Photonic nanowires
Recently, much research has focused on confining light in waveguiding structures that are on the order of and smaller than an optical wavelength [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Since these structures are typically sub-micron in size, such waveguides are termed photonic nanowires. Due to their tight optical confinement, photonic nanowires can exhibit large effective nonlinearities and a high sensitivity of the fundamental mode to the waveguide dimensions [20,21,24]. As is seen in Fig. 1 , the large waveguide contribution to the dispersion can shift both zero-GVD points into the visible regime. Between these zero-GVD points lies a broad region of anomalous-GVD. By adjusting the size of the nanowire, this region of anomalous-GVD can be shifted throughout the visible and near-infrared. The large effective nonlinearities and tunable GVD of photonic nanowires have been shown to lead to efficient production of ultrafast nonlinear processes such as supercontinuum generation [23, 25].
Simulation
Suitable conditions for soliton-effect compression are engineered by adjusting the nanowire dimensions. If the core diameter is made the same size or slightly larger than the pump wavelength, the broad region of anomalous-GVD is centered at this point and is accompanied by low third-order-dispersion at this wavelength. For a pump wavelength of 800-nm, the GVD profiles of 800-nm and 1-μm-core diameter photonic nanowires are shown in Fig. 2 . Nanowires of these dimensions yield octave spanning regions of anomalous-GVD in the visible to near-infrared. The corresponding effective nonlinearities for 800-nm and 1-μm photonic nanowires, assuming a pump wavelength of 800 nm, are 502 (W·km) −1 and 370 (W·km) −1 respectively.
As an example, for an 800-nm core diameter nanowire, a 30-fs and 500-pJ pulse with an 800-nm center wavelength would correspond to the excitation of a soliton of order N = 5.5. Using Eq. (1), a 337-μm optimal nanowire length is predicted for this interaction. We simulate this interaction using the nonlinear-envelope equation and take into account the full-GVD profile [29] [30] [31] [32] . The results of this simulation are shown in Fig. 3 . The initially 30-fs pulse develops an octave-spanning spectrum and compresses down to a duration of 1.8 fs after a 650-μm propagation distance inside the nanowire. Although, the formation of a 1.8-fs feature corresponds to a duration of approximately a single-optical-cycle, we expect these results to be reasonably accurate since the nonlinear-envelope equation was shown to be valid down to this regime [30] . Most of the compression occurs near the end of the propagation distance as is shown by the behavior of the peak intensity in Fig. 4 . This interaction corresponds to a compression factor F c of 16.67 and a quality factor of compression Q c of 0.48. While the simulated optimal length of 650-μm is the same order of magnitude as that predicted by Eq. (1), better agreement is most likely hampered due to the dispersion variation over the supercontinuum bandwidth. Furthermore, as is expected from the form of Eq.
(1), the optimal length can be easily adjusted by varying the input pulse energy as seen in Fig. 4 . This provides an important parameter to experimentally optimize the generated compressed pulse for a specific nanowire length and input pulse duration. The ability to compress the pulse is indicative of the high coherence properties of the generated supercontinuum, which is distinguished from supercontinuum generated in longer lengths of fiber where spectral decoherence due to stimulated Raman scattering can occur [32].
Experiment
The method by which we fabricate waveguides of sub-micron core diameters was described previously [22, 23, 25] . This method consists of tapering the core diameter of a commercially available 2.3-μm-core microstructured fiber to sub-micron size. Special attention is paid to ensure the air-glass microstructured cladding remains intact during the tapering process. For this application, nanowire lengths on the order of 1-mm are necessary. We fabricate waveguides of these lengths by attaching the tapered microstructured fiber to a thin metal ridge and subsequently cleaving the nanowire to the desired length. Using this procedure waveguides of a desired core diameter and length were reproducibly fabricated. However, since the cleaving is done by hand, several waveguides were fabricated to ensure that one would couple light efficiently. An image of nanowires prepared with this method is shown in Fig. 5 . The waveguiding is robust to this mounting procedure because the core is enclosed in the microstructured cladding and glass outer cladding [28] . In this way, the propagating light does not interact with the metal ridge or mounting adhesive. All of the experiments performed in this investigation made use of the pictured 980-nm core waveguide.
We generated supercontinuum in the 980-nm core diameter and 2-mm-long nanowire shown in Fig. 5 using a 30-fs input pulse from an 80-MHz Ti:Sapphire oscillator. The laser had a center wavelength of 800 nm and a 20x coupling objective with a 0.5 NA was used. An image of the supercontinuum generation is shown in Fig. 5 . The measured spectral evolution as a function of average power before the coupling objective is shown in Fig. 6 . Comparison with our simulations shows good agreement if a coupling efficiency of 8.33 percent is assumed. The coupling efficiency must be estimated since it is difficult to accurately measure this parameter experimentally due to the extremely short length of the nanowire.
We performed cross-correlation frequency resolved optical gating (XFROG) measure- ments on the supercontinuum generated in the 980-nm core nanowire in order to characterize the generated pulse [33] . For this measurement, a 70-fs input pulse and a 40x coupling objective with a 0.65 NA were used. The average power from the 80-MHz Ti:Sapphire oscillator was 70 mW before the coupling objective. The longer pulse width was chosen since the longer dispersion length of this pulse allows greater compression in the fabricated 2-mm long nanowire as estimated by Eq. (1). Both the Ti:sapphire input pulse and XFROG reference pulse were characterized by using a GRENOUILLE device. For the XFROG measurement, a 40-μm BBO crystal with angle dithering was used to guarantee phase matching of the broadband continuum. The compressed pulse is shown in Fig. 7 , and the duration is measured to be 6.8 fs. This corresponds to a compression factor F c of 10.29 and to a quality factor Q c of 0.73. The measured spectral phase of the continuum varies only by about 5 rad. The simulated result for this interaction assuming a 57 percent coupling efficiency yields good agreement with experiment and is also shown in Fig. 7 . A higher power coupling objective was used for this measurement which accounts for the improved coupling efficiency. This coupled power corresponds to a soliton order of N = 6.9.
Conclusion
We have shown through simulation and experiment that photonic nanowires with wavelength-sized core diameters and millimeter lengths provide suitable conditions for broadband soliton-effect compression of ultrafast pulses. Compression to single-cycle durations is predicted in simulations using the nonlinear-envelope equation. Compression of a 70-fs input pulse to a 6.8-fs few-cycle duration is experimentally demonstrated using XFROG. Soliton-effect compression in photonic nanowires provides a simple method for self-compression of sub-nJ pulses to few-cycle durations. The simplicity of this method should facilitate investigations of few-cycle pulse propagation and light-matter interactions.
